allergic rhinitis (ar) is a common disease that requires more convenient, safe and effective antigen-specific immunotherapies. The present study aimed to investigate the therapeutic effect of intranasal administration of a eukaryotic expression vector co-expressing der p2 and a20 protein (pVaX1-der p2-a20) on mice with allergic rhinitis. The pVaX1-der p2-a20 vaccine was prepared and encapsulated into poly(l-lactide-co-glycolide) (PlGa) nanoparticles. an allergic rhinitis Balb/c mouse model was established through intraperitoneal sensitization with recombinant der p2 and cholera toxin followed by intranasal challenge with recombinant der p2. The treatment effect of the dna vaccine on nasal allergic inflammation was evaluated, and serum IgE, sige, igG and cytokine levels were determined by eliSa. The percentage of cd4 + cd25 + Foxp3 + Tregs in the spleen was detected by flow cytometry. The dna vaccine co-expressing der p2 and a20 was successfully constructed and encapsulated into PlGa nanoparticles. der p2-a20 dna vaccine intranasal administration markedly ameliorated der p2-induced nasal allergic inflammation. The serum Der p2-specific IgE, il-4 and il-13 expression levels were inhibited, while the Der p2-specific IgG1, IgG2a and IFN-γ expression levels in the serum and splenic cd4 + cd25 + Foxp3 + Treg population were significantly increased after Der p2-A20 DNA vaccine treatment. These results indicated that the der p2-a20 dna vaccine alleviates nasal allergic inflammation and promotes splenic Treg population in mice with allergic rhinitis.
Introduction
allergic rhinitis (ar) is a non-infectious nasal mucosal disease caused by the exposure of susceptible individuals to exogenous allergens and the release of ige-mediated histamine and other mediators, and it is accompanied by immune cell activation and cytokine secretion (1) . as a common otolaryngology disease, the incidence of ar has increased greatly in the past decades (2) . ar has become a global public health problem and caused huge economic burden to individuals, families and society. at present, the treatment of ar mainly includes avoidance of contact with susceptible allergens, anti-inflammation, antihistamine and other symptomatic treatments, which are far from satisfactory. Allergen-specific immunotherapy (AIT) is the only WHo approved aetiological treatment for allergic diseases that can effectively change the natural process of ar (3) . at present, the clinically used desensitization agents are mainly from allergen crude extracts, which contain complex components, resulting in poor stability, difficulty in standardization, and serious side effects (4) . Therefore, it is particularly important to develop new, safe and efficient methods for the prevention and treatment of ar.
The dust mite is an important allergen of ar, and studies have revealed that approximately 70-80% of patients with upper respiratory tract allergy have positive reactions to dust mites, among which der f2 and der p2 have the highest serum positive rate (5, 6) . a20, also known as tumour necrosis factor-induced protein 3 (TNFAIP3), is a ubiquitin-modified enzyme protein encoded by the TnFaiP3 gene in the cytoplasm that regulates a variety of immune cell functions and is involved in maintaining immune homeostasis (7) . Mutations in the A20 gene are associated with inflammation, allergic disease and tumourigenesis (8) . Mice with a20 gene deletion have severe inflammation and tissue damage, and A20 overexpression improves the tolerance of intestinal mucosa to lPS and enhances the intestinal mucosal barrier function. a20 plays an important role in the pathogenesis of allergic diseases, and its absence can lead to the occurrence of allergic asthma (8) .
Studies have revealed that a dna vaccine displays not only immunogenicity and safety but also greater flexibility than previous protein vaccines for its convenient modification and construction (9) . compared with the aiT and recombinant allergen vaccines, a dna vaccine induces Th1 cell reaction, reduces allergen-specific IgE, and increases the concentration of igG2a by endogenous expression of allergens (10), thus becoming a promising strategy for AR-specific immune therapy. Further studies have indicated that the combination of an allergen gene with a regulatory molecule through genetic engineering technology improves the therapeutic effect of a dna vaccine. The fusion of allergen ovalbumin with heat shock protein (Hsp65) has been revealed to attenuate an established Th2 upper respiratory tract allergic inflammation in mice (10) , and a fusion dna vaccine constructed by malaria antigen and chemokine MiP3 ccl20 has been revealed to effectively prevent the infection of malaria parasites (11) . in the present study, a dna vaccine co-expressing der p2 and a20 was constructed and encapsulated into PlGa nanoparticles, and its specific immunotherapeutic effect on allergic inflammation in the Der p2-induced AR mouse model and potential mechanism were evaluated.
Materials and methods
Reagents. Biotin-labelled sheep anti-mouse ige antibody (cat. no. 1110-08) was purchased from Southern Biotech. HrP-labelled sheep anti-mouse igG1 antibody (cat. no. a10551) and HrP-labelled sheep anti-mouse igG2a antibody (cat. no. a10685) was purchased from life Technologies; Thermo Fisher Scientific, inc. HrP-labelled streptavidin (cat. no. a0303) was obtained from Beyotime institute of Biotechnology. Mouse il-4, il-10, il-13, TnF-α, iFn-γ and TGF-β eliSa Kits were purchased from r&d Systems. cholera toxin and poly (lactic-co-glycolic acid) were purchased from Sigmaaldrich; Merck KGaa. aPc rat anti-mouse cd4 antibody (cat. no. 553051), FiTc rat anti-mouse cd25 antibody (cat. no. 558689) and Pe rat anti-mouse Foxp3 (cat. no. 560408) were obtained from Bd Pharmingen; Bd Biosciences. anti-a20 antibody (product code ab74037) was purchased from abcam, and anti-p65 antibody (product no. 3033S) and anti-β-actin antibody (4967S) were obtained from cell Signaling Technology. The 293T cell line (cBP60439) was obtained from cobioer.
Construction of DNA vaccine. For construction of the dna vaccine co-expressing der p2 and a20 (pVaX1-der p2-a20), the coding sequence of der p2 (FM177223.1) and TnFaiP3 (GenBank: KJ892292.1) were synthesized by Genecreate Biotech and inserted into the pVaX1 vector. The mCherry gene sequence, which is a fluorescent protein derived from the tetrameric Discosoma sp., was amplified by polymerase chain reaction (Pcr) from the pmcherry-n1 vector (presented by Jinan university, china) and subcloned into pVaX1-der p2-a20 to establish the pVaX1-mcherry-der p2-a20 expression vector. The recombinant pVaX1-der p2-a20 and pVaX1-mcherry-der p2-a20 expression vectors were encapsulated into poly(l-lactide-co-glycolide) (PlGa) (Sigma-aldrich; Merck KGaa) to form nanoparticles via the emulsion method before intranasal administration ( Fig. 1 ). in addition, peT-32a-der p2 was also constructed for recombinant Der p2 expression and purification (>95%). The coding sequence of the der p2 from Genebank was synthesized and inserted into pET-32a vector (Thermo Fisher Scientific, inc.). Then the recombinant vector was transfected into Bl21 Escherichia coli for der p2 expression, purification and identification (data not shown). For evaluation of the transfection effect of constructed dna vaccine in vitro, the 293T cell line was cultured and transfected in dMeM (product no. 10-013-cVrc; corning incorporated) supplemented with 10% fetal bovine serum (Sigma-aldrich; Merck KGaa) and penicillin-streptomycin (corning incorporated) in a 125 ml polycarbonate flask (Corning Incorporated) under the following conditions: 37˚C, 5% CO 2 and 80% humidity.
Mice. in total, 30 female BalB/c mice (6-8 weeks old) were purchased from Guangzhou experimental animal centre and were housed under pathogen-free conditions. The experimental procedures were conducted in accordance with the approval and guidelines of the institutional animal care and use committee of the enT institute of Shenzhen (no. 201702013). animal suffering and the number of animals used in this study were minimized. Mice were acclimated for 7 days before experiments and were monitored daily for signs of distress and advanced nasal inflammation during experiments.
Induction of nasal allergic inflammation in mice. The allergic rhinitis (ar) murine model was performed according to other and our previous procedures (12) (13) (14) . Mice were sensitized with recombinant der p2 (10 µg) and cholera toxin (cT, 1 µg/mouse) diluted in sterile normal saline (0.1 ml/mouse) three times by intraperitoneal injection (ip) on days 0, 7 and 14. The sensitized mice in different groups (n=6 per group) were intranasally treated as follows (20 µl/mouse) every 3 days for a total of 5 treatments from day 21: Sterile normal saline, ar group; pVaX1-der p2-a20 nanoparticles (100 µg), Ppda group; blank PlGa treatment (100 µg), PlGa group; and naked pVaX1-der p2-a20 (100 µg; no encapsulation), pda group. Mice were intranasally challenged three times daily with recombinant der p2 (10 µg; 20 µl of 0.5 mg/ml der p2) after the final treatment. Control groups (Con) were treated with normal saline by ip and nasal challenge. The frequencies of nose scratching and sneezing in each group were recorded within 30 min after the last challenge. Twenty-four hours after the last challenge, mice were sacrificed by cervical dislocation under 4% isoflurane (Youcheng Biotech) anesthesia. Samples were collected from each mouse for further evaluation (Fig. 2) .
Symptom scores. The frequencies of nose scratching and sneezing in each group were counted within 30 min after the last intranasal challenge by recombinant der p2 to evaluate the symptom scores according to a reported procedure (15) .
Histology. The nasal mucosa was collected and fixed in 4% paraformaldehyde overnight and processed for paraffin embedding. Sections (4 µm thick) were prepared and stained with haematoxylin and eosin (H&e). images were obtained using a microscope (nikon corporation; magnification of x200) for detection of inflammatory cell infiltration. Flow cytometry. Splenic mononuclear cells were collected from culture, fixed with 1% formaldehyde and permeabilization buffer (0.1% Triton X-100) for 30 min at 4˚C, washed three times with 1% bovine serum albumin (BSa)/PBS and blocked for 30 min at 4˚C with 1% BSA. Cells were incubated with aPc-conjugated rat anti-mouse cd4, FiTc-conjugated rat anti-mouse cd25 and Pe-conjugated rat anti-mouse Foxp3 antibodies or isotype igG for 1 h at room temperature. after washing with PBS, cells were analysed with a flow cytometer (FacScanto ii; Bd Biosciences) and FlowJo V10 software (FlowJo, llc).
Statistical analysis. SPSS 13.0 software (SPSS, inc.) was used for statistical analysis. all values are presented as the mean ± standard deviation (Sd) of a minimum of three independent experiments. data were analysed using one-way analysis of variance followed by Tukey's post hoc test for multiple comparisons. P<0.05 was considered to indicate a statistically significant difference.
Results
Der p2 and A20 DNA vaccine construction and in vitro transfection identification. The coding sequences of der p2 [437 base pairs (bp)] and a20 (2,373 bp) were cloned into pVaX1 (3,000 bp). The constructed recombinant pVaX1-der p2-a20 vector was confirmed by plasmid sequencing (Fig. 1A) . The pVaX1-der p2-a20 vector was then encapsulated into poly l-lactide-co-glycolide (PlGa) after construction to form BalB/c mice were sensitized with recombinant der p2 and cT three times by ip on days 0, 7 and 14. The sensitized mice in different groups (n=6 per group) were then intranasally treated every 3 days for a total of 5 treatments from day 21 as follows: Sterile normal saline in the ar group, pVaX1-der p2-a20 nanoparticles in the Ppda group (100 µg, pVaX1-der p2-a20), blank PlGa treatment in the PlGa group (100 µg, PlGa) and naked pVaX1-der p2-a20 treatment in the pda group (100 µg, pVaX1-der p2-a20 without being encapsulated into PlGa). Mice were intranasally challenged three times daily with recombinant Der p2 (10 µg) after the final treatment. The con group was treated with normal saline by ip and nasal challenge. cT, cholera toxin; ip, intraperitoneal injection; con, control; ar, allergic rhinitis; PlGa, poly(l-lactide-co-glycolide). a nanoparticle (Fig. 1B) . To evaluate the transfection effect of the dna vaccine, a pVaX1-mcherry-der p2-a20 vector was also constructed by subcloning the mcherry-coding gene into pVaX1-der p2-a20. The transfection effect of pVaX1-mcherry-der p2-a20 in vitro and the expression of der p2-a20-mcherry fusion protein in the 293T cell line were evaluated. Obvious red fluorescence was observed in the 293T cells after transfection with pVaX1-mcherry-der p2-a20 for 48 h (Fig. 1c ). This result indicated that pVaX1-der p2-a20 was successfully constructed and efficiently transfected into 293T cells for fusion protein expression.
Der p2-A20 DNA vaccine inhibits Der p2-induced nasal allergic inflammation. a mouse model with ar was established, and the mice were treated with the der p2-a20 dna vaccine (Fig. 2) . The results revealed that mice in the ar group had more denuded skin around the nose, increased scratching and sneezing frequencies ( Fig. 3B and c) , mononuclear cell infiltration in the nasal mucosa ( Fig. 3A and D) , and increased serum Der p2 specific IgE, IL-4 and IL-13 levels ( Fig. 4 ) compared with mice in the control group. der p2-a20 dna vaccine administration in the Ppda group significantly reduced the scratching and sneezing events compared with administration in the ar and PlGa treatment groups (Fig. 3B and c) . Histopathologic analysis of the ar group revealed evident nasal mucosal inflammation and increased mononuclear cells, and the Der p2-A20 DNA vaccine significantly inhibited the allergic inflammation compared with analysis of the ar and PlGa groups ( Fig. 3a and d) . der p2-a20 dna vaccine treatment in the Ppda group decreased scratching events, decreased sneezing events and inhibited nasal inflammation more efficiently than treatment with the naked plasmid dna in the pda group. These results indicated that the mouse model with ar was established successfully, and the der p2-a20 dna vaccine inhibits der p2-induced nasal allergic inflammation.
Der p2-A20 DNA vaccine modulates the serum levels of cytokines and antibodies involved in nasal allergic inflammation.
The serum levels of il-4, il-13, and TnF-α were increased while the levels of il-10, iFn-γ and TGF-β were decreased in the ar group compared with those in the control group after the der p2 challenge (Fig. 4) . intranasal treatment with the der p2-a20 dna vaccine suppressed il-4, il-13 and TnF-α secretion but improved the levels of il-10, iFn-γ and TGF-β expression in the serum compared with the ar group (Fig. 4) . Moreover, serum Der p2-specific IgE (sIgE), sigG1 and sigG2a antibodies were also evaluated. sige was significantlyy increased, whereas sIgG1 and sIgG2a levels were increased slightly in the ar group compared with those in the control group. The dna vaccine enhanced sigG1 and sigG2a expression but decreased sige levels compared with the ar or pda group (Fig. 4) . These results indicated that the der p2-a20 dna vaccine may regulate Th1/Th2 cytokine expression and increase il-10, TGF-β, sigG1 and sigG2a neutralizing antibody levels.
Der p2-A20 DNA vaccine increases splenic Treg population.
To elucidate whether the inhibitory effects of the der p2-a20 DNA vaccine on nasal inflammation in mice with allergic rhinitis were related to the induction of Tregs, the Treg population in the splenic cd4 + T cells was further analysed by flow cytometry (Fig. 5a) . The results revealed that the frequency of cd4 + cd25 + Foxp3 + T cells in splenic mononuclear cells was decreased in the ar group (2.64%) compared with that in the control group (4.55%), while this frequency was increased in the Ppda group (7.49%) after dna vaccine treatment (Fig. 5B and c) . These results indicated that the der p2-a20 dna vaccine promotes Treg proliferation in mice with allergic rhinitis.
Discussion
as a common and frequently occurring disease in clinical practice, ar is a type of ige-mediated non-infectious inflammation characterized by Th2 cell polarization (16) . currently, the symptomatic treatment based on histamine and other anti-inflammatory drugs cannot achieve a satisfactory therapeutic effect. The present study revealed that intranasal administration of the der p2-a20 dna vaccine markedly ameliorated der p2-induced nasal mucosal proinflammatory cell infiltration. Serum Der p2-specific IgE, IL-4 and il-13 expression levels were decreased, while serum der p2-specific IgG1, IgG2a, IFN-γ, il-10 and TGF-β expression levels as well as the splenic cd4 + cd25 + Foxp3 + Treg population were significantly increased after der p2-a20 dna vaccine treatment. These results indicated that the Der p2-A20 DNA vaccine alleviates nasal allergic inflammation in mice with allergic rhinitis and promotes splenic Treg population. Therefore, dna vaccine is a promising new direction for prevention and treatment of various pathogens. compared with traditional protein-based vaccines, dna vaccines are more stable, inexpensive, and can be conveniently produced. Biomaterial-based delivery systems that encapsulate plasmid dna represent a promising strategy that can increase dna vaccine internalization, transfection efficiency and mucosal uptake (10) . Genetic immunization with a non-viral vector dna vaccine has been employed in a broad range of therapeutic applications, including infectious diseases, cancers and other diseases (17, 18) . Treatment strategies using plasmid dna vaccine-encoding allergens in allergic diseases have been revealed to induce Th1 cell response, iFn-γ production and igG2a production as well as to reduce the desensitization-induced ige production and anaphylactic reactions compared with crude extracts used in allergen-specific immunotherapy (19, 20) . cryJ-laMP dna vaccines co-expressing cryJ1 or cryJ2 from Japanese red cedar combined with lysosomal-associated membrane protein-1 (laMP-1) were revealed to induce robust Th1-type immune responses as well as igG2a and igG1 antibody secretion in an allergic murine model (21) . dna-encoding der p2 prevented the development of house dust mite-induced respiratory allergies by enhancing the Th1 cell immune response, reducing allergen-specific IgE, reducing IL-5, inducing IgG2a and inducing iFn-γ (22) . as a negative regulator of nF-κB, a20 not only inhibited the activity of nF-κB but also further blocked the release of various inflammatory factors induced by nF-κB (23) . loss of a20 in lung epithelium abolished the protective effect of farm dust and endotoxin to allergy and asthma (8) , and deficiency of a20 promoted antigen transportation across airway epithelial cells (24) . consistent with findings of other studies, the present results revealed that intranasal administration of the dna vaccine co-expressing an antigen and a regulatory molecular a20 ameliorated der p2-induced nasal mucosal allergic inflammation. NF-κB is a key transcription factor for Th2 cell differentiation, and its continuous activation is involved in the occurrence and development of airway allergic diseases (25) . Furthermore, in our experiments, dna vaccine treatment suppressed serum Der p2-specific IgE secretion and Th2-type cytokine (il-4 and il-13) expression. neutralizing igG subclass antibodies can inhibit IgE-mediated inflammatory responses by competing with ige (26) . igG1 constitutes approximately 65% of total igG, and igG2 constitutes approximately 22% of total IgG. However, the contribution of allergen-specific IgG to the development of allergic inflammation is controversial (27) . data from murine experiments revealed that Th1 cells promoted igG1 and igG2a production by secreting iFn-γ and that Th2 cells promoted igG4 production (26) . allergen immunotherapy increased protective igG1 and iga antibodies (27, 28) . The results of the present study revealed that igG1 and igG2a production induced by dna vaccine intranasal immunization may play a protective role in nasal allergic inflammation. Eosinophilia and mononuclear cell infiltration in the nasal mucosa are important in characterizing allergic rhinitis. The limitation of the present study is that we did not analyze eosinophilia since the amount of available nasal mucosa was not sufficient. regulatory T cells (Tregs) are negative regulatory cells of the immune response and are involved in the regulation of a variety of immune responses, including allergy, autoimmunity and graft-versus-host response (29) . a previous study revealed that peripheral blood cd4 + cd25 high Foxp3 + Tregs were decreased in patients with mild asthma compared with those in non-asthmatic controls (30) . animal experiments have revealed that removing Tregs from mice before sensitization aggravates airway inflammation and airway hyperresponsiveness (aHr) (31) . Tregs inhibit effector T cells and regulate allergic diseases by secreting il-10 and TGF-β, leading to reduced production of Th2 cytokines (il-4, il-5 and il-13) (32). an approach to enhance the anti-allergic efficacy of therapeutic dna vaccines was performed by fusion of a modulating cytokine such as GM-cSF, iFn-γ, il-1β or an immunosuppressive molecule to the cdna of a certain allergen (10), thus driving the immune response toward a Th1 direction. intranasal immunization of dna vaccine co-expressing der p1 and ubiquitin elicited a Th1 type response, lower level of specific ige and increased igG in an allergic rhinitis mouse model (14) . in the present study, fusion of nF-κB signaling negative regulator (a20) with der p2 not only induced a Th1 response, but also significantly increased serum levels of IL-10 and TGF-β. in addition, the cd4 + cd25 + Foxp3 + Treg population in the spleen was also significantly increased after Der p2-A20 DNA vaccine treatment, indicating that the dna vaccine may inhibit the inflammatory response of AR by promoting Tregs. In the present experiment, the splenic Treg population was evaluated in each group according to published studies, because we could not collect enough cells from the nasal mucosa for flow cytometric analysis.
in conclusion, allergic rhinitis is a common disease that requires more convenient, safe and effective antigen-specific immunotherapies. a dna vaccine co-expressing der p2 and a20 was successfully constructed. intranasal administration of this dna vaccine greatly ameliorated der p2-induced nasal mucosal proinflammatory cell infiltration by inhibiting specific IgE, IL-4 and IL-13 secretion and by increasing IgG1, igG2a, iFn-γ, il-10 and TGF-β expression as well as the cd4 + cd25 + Foxp3 + Treg population. are presented as the mean ± Sd. $ P<0.05 vs. the con group; * P<0.01 vs. the ar group; # P<0.05 vs. the pda group. con, control; ar, allergic rhinitis; PlGa, poly(l-lactide-co-glycolide).
